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Abstract
The similarity of the yellow chromophores isolated from human cataracts with those from ascorbic acid modified calf lens proteins was
recently published [Biochim. Biophys. Acta 1537 (2001) 14]. The data presented here additionally quantify age-dependent increases in
individual yellow chromophores and fluorophores in the water-insoluble fraction of normal human lens. The water-insoluble fraction of
individual normal human lens was isolated, solubilized by sonication and digested with a battery of proteolytic enzymes under argon to
prevent oxidation. The level of A330-absorbing yellow chromophores, 350/450 nm fluorophores and total water-insoluble (WI) protein were
quantified in each lens. The total yellow chromophores and fluorophores accumulated in parallel with the increase in the water-insoluble
protein fraction during aging. The digest from each single human lens was then subjected to Bio-Gel P-2 size-exclusion chromatography.
The fractions obtained were further separated by a semi-preparative prodigy C-18 high-performance liquid chromatography (RP-HPLC).
Bio-Gel P-2 chromatography showed four major fractions, each of which increased with age. RP-HPLC of the amino acid peak resolved five
major A330-absorbing peaks and eight fluorescent peaks, and each peak increased coordinately with age. A late-eluting peak, which
contained hydrophobic amino acids increased significantly after age 60. Aliquots from an in vitro glycation of calf lens proteins by ascorbic
acid were removed and subjected to the same enzymatic digestion. Ascorbic acid-modified calf lens protein digests showed an almost
identical profile of chromophores, which also increased in a time-dependent manner. The late-eluting peak, however, did not increase with
the time of glycation and may not be an advanced glycation endproduct (AGE) product. The data indicate that the total water-insoluble
proteins, individual yellow chromophores and fluorophores increased equally both with aging in normal human lens and during ascorbate
glycation in vitro. The major protein modifications, which accumulate during aging, therefore, appear to be AGEs. Whereas the late-eluting
peak, which showed poor correlation to ascorbylation, may represent UV filter compounds bound to lens proteins. D 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction
With aging, the human lens exhibits increased aggrega-
tion of the lens structural proteins [1,2] and an increasing
amount of water-insoluble (WI) protein upon homogeniza-
tion [3]. These proteins are highly cross-linked [4–6] and
contain a high concentration of the yellow chromophores
and UVA fluorophores [7–10]. Several laboratories have
implicated the formation of advanced glycation endproducts
(AGEs) as being responsible for the bulk of these protein
modifications [11–19].
We recently liberated the yellow chromophores and
fluorophores in an aged human lens WI fraction by enzy-
matic hydrolysis, and were able to fractionate the modified
amino acids by Bio-Gel P-2 chromatography and reversed-
phase high-performance liquid chromatography (RP-
HPLC). The comparison of the WI protein hydrolysates
from aged human lenses with similar hydrolysates obtained
with calf lens proteins glycated for 4 weeks with ascorbic
acid in vitro showed these two populations to be almost
identical [20]. The fractionations were carried out with
several preparations each obtained from 50–100 pooled
lenses. No data up to now, however, have been gathered
on individual human lenses to show the manner in which
these chromophores and fluorophores develop with age, nor
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are there any data showing the variability of individual
lenses in the aging process. Similarly, the rate of appearance
of individual AGE compounds during ascorbate glycation
remains unknown. The data presented here show that human
lenses exhibit a group of modified amino acids, which ap-
pear after the age of 20, and develop uniformly in individual
lenses with age. An almost identical pattern of development
was seen during the time course of calf lens protein gly-
cation carried out in vitro with ascorbic acid.
2. Materials and methods
2.1. Materials
Normal human lenses were obtained as a kind gift from
the Heartland Lions Eye Tissue Bank, Columbia, MO,
following cornea removal. All the lenses were clear, without
any obvious cataracts and the eyes were well screened for
infectious diseases. The normal percentage of other human
diseases was assumed to be present in our lens pool. The
lenses were stored individually frozen at  70 jC until use.
Ascorbic acid (99.6% pure) was obtained as an ultrapure
reagent from Fisher Chemical Co. (St. Louis, MO). All
other reagents were obtained in the highest purity available
from Sigma Chemical Co. (St. Louis, MO). Deionized water
(18 MV resistance or greater) was used for all experiments.
Phosphate buffers were treated with 10 g/l Chelex resin
(200–400 mesh, Bio-Rad Laboratories, Richmond, CA,
USA) overnight to remove trace metal ion contaminants
as described by Beyer and Fridovich [21], and filtered
through a 0.2-Am nitrocellulose filter before use.
2.2. Preparation of lens proteins
A group of 38 normal human lenses from 18 pairs and
two single individuals of different age were selected and
divided to four groups: group I, < 20 years; II, 20–40 years;
III, 40–60 years; IV, > 60 years. Each single lens from 20
individuals was decapsulated and homogenized in 0.5 ml
deionized water, the homogenate was centrifuged at
27,000 g for 20 min, the supernatant was removed, and
the pellet was washed two times with 0.5 ml deionized
water. The 27,000 g pellet obtained was washed once
again with 1 ml deionized water, and the final pellet was
resuspended in 2.5 ml deionized water and sonicated in an
water bath for 6 min at a power setting of 4 and a duty cycle
of 40%. The solubilized protein was recovered after cen-
trifugation at 27,000 g and represented at least 95% of the
total water-insoluble (WI) fraction. This fraction was des-
ignated the WI sonicate supernatant (WISS) as described
previously [22,23].
Newborn calf lenses (1.0–1.2 g) were obtained from Pel-
Freeze Biologicals, Rogers, AR, shipped in dry ice and
stored at  70 jC. The water-soluble (WS) fraction was
prepared from the outer cortex of thawed, decapsulated calf
lenses. The tissue was homogenized in deionized water with
a hand Dounce homogenizer and the resulting homogenate
was centrifuged at 27,000 g for 20 min. The supernatant
was dialyzed extensively against 5 mM Chelex-treated
phosphate buffer (pH 7.0) and used directly for glycation
experiments. The protein content of these calf lens protein
preparations was determined using the BCA assay as
described by the manufacturer (Pierce, Rockford, IL).
2.3. Glycation reactions
Dialyzed calf lens cortical proteins (10 mg/ml) were
incubated with 20 mM L-ascorbic acid in 0.1 M Chelex-
treated phosphate buffer (pH 7.0) containing 1.0 mM DTPA.
Each reaction mixture was sterile-filtered through a 0.22-Am
nylon syringe filter into a sterile plastic culture flask. Each
flask contained at least half of its total volume as air, and
was wrapped in aluminum foil and incubated in the dark at
37 jC. Aliquots of 60 mg protein were removed at various
times over 4 weeks, dialyzed extensively against 5 mM
Chelex-treated phosphate buffer, pH 7.0 at a ratio of 1:8
(v/v) for several changes and then subjected to proteolytic
digestion to liberate the chromophores.
2.4. Proteolytic digestion of ascorbylated calf lens proteins
and cataract lens proteins
Proteolytic digestion was carried out by a modification of
the method of Luthra et al. [24]. Solutions of 3.0 ml, con-
Fig. 1. Age-dependent increases of human lens WISS proteins (panel A),
total 330 nm absorbance and 350/450 nm fluorescence (panel B) in 20
individual lenses. All the indexes were quantitatively calculated on a per
lens basis.
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taining the single normal human lens WISS fraction from
each individual or 10 mg/ml of dialyzed ascorbylated lens
proteins, were prepared in 5.0 mM Chelex-treated phosphate
buffer, pH 7.0, and 3.6 mg of porcine intestinal peptidase
(Sigma P7500) was added per 100 mg protein. The digestion
mixture was then sterile-filtered into a sterile Falcon 15 ml
polypropylene conical tube and incubated for 24 h under
argon at 37 jC in the dark. A solution of Pronase (Sigma
P5147) was then added through a syringe filter after 24 h to a
level of 3.6 mg Pronase per 100 mg protein, and digestion
was continued for 72 h under argon with two more additions
of Pronase after 24 and 48 h, respectively. Following adjust-
ment of the digest to pH 8.5 with 1.0 M NaOH, leucine
aminopeptidase (Sigma L5658) was added to a final con-
centration of 40 units per 100 mg protein. The digest was
incubated for 24 h under argon at 37 jC. After adjusting the
pH of the digest to 7.6 with 1.0 M HCl and sterile filtration,
further proteolysis was carried out under argon by the
sequential sterile addition of 5.0 mg of trypsin per 100 mg
protein (Sigma T8642), 5.0 mg chymotrypsin (Sigma
C4149) and finally 3.6 mg proteinase K (Sigma P6556)
per 100 mg protein with 24 h between each addition.
Corresponding enzyme blanks incubated without added
protein were also analyzed.
2.5. Bio-Gel P-2 size exclusion chromatography
Digests from either normal human lens WISS or ascor-
bylated calf lens proteins were concentrated and subjected to
gel filtration chromatography on a Bio-Gel P-2 column
(1 25 cm, bed volume 19.6 ml) with 25 mM formic acid
as eluant. Fractions of 0.5 ml were collected and monitored
for absorbance at 330 nm and fluorescence at Ex/Em= 350/
450 nm. The fractions were pooled into four peaks accord-
ing to the A330 readings.
2.6. High-performance liquid chromatography (HPLC)
Peak (2 + 3) obtained from the Bio-Gel P-2 column was
the main fraction in every separation. After concentration by
SpeedVac, each (2 + 3) peak was injected onto a semi-
preparative C18 reversed phase column (Prodigy 10 250
mm, Phenomenex, Torrance, CA) using a SSI HPLC system
(Scientific System Inc., Fisher Scientific, St. Louis, MO).
The column was eluted for 2 min with 5% (v/v) acetonitrile
in water containing 0.1% (v/v) heptafluorobutyric acid
Table 1
Accumulation of chromophores (A330) and fluorophores (350/450 nm) per
mg lens WISS protein in each age group
Age
(years)
n A330/mg
proteinF SD
Ratio Fluorescence/mg
proteinF SD
Ratio
< 20 5 0.062F 0.014 1.0 103F 20 1.0
20–40 5 0.059F 0.021 0.96 127F 16 1.2
40–60 5 0.063F 0.012 1.01 211F 54 2
>60 5 0.091F 0.023 1.46 270F 62 2.6
Fig. 2. Bio-Gel P-2 elution profiles at 330 nm absorbance of 20 individual proteolytic digests of WISS fraction from normal human lenses of different ages.
Panels A to D represent four different age groups as < 20 years; 20–40 years; 40–60 years and >60 years, respectively. The profiles of five individual lenses in
each age are shown. The peaks quantified were labeled as 1, (2 + 3), 4 and 5 in each panel.
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Fig. 3. Bio-Gel P-2 elution profiles at 350/450 nm fluorescence of 20 individual proteolytic digests of WISS fraction from normal human lenses of different
ages. The details were the same as that in Fig. 2.
Fig. 4. Quantitative results of A330 (panel A) and fluorescence (panel B) for each peak from normal human lens WISS fraction isolated by Bio-Gel P-2
chromatography (Fig. 3).
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(HFBA) at a flow rate of 1.8 ml per minute, then with a linear
gradient from 5% to 25% (v/v) acetonitrile in 0.1% HFBA
over 20 min, with the same ratio of the solvents for another
15 min, followed by another linear increase to 100% aceto-
nitrile over the next 20 min. The eluant from the column was
monitored with an on-line fluorescence detector at 450 nm
(excitation at 350 nm) and a dual wavelength absorption
detector set at 280 and 330 nm.
Peak 5 isolated from normal human lens WISS digest or
ascorbylated calf lens protein digest were analyzed by the
same RP-HPLC program. The eluant from the column was
also monitored with an on-line fluorescence detector at 450
nm (excitation at 350 nm) and a dual wavelength absorption
detector set at 280 and 330 nm or Waters diode array
detector (DAD).
3. Results
3.1. Quantitative increases in WISS protein, 330 nm
absorbance and 350/450 fluorescence in normal human
lenses with age
The washed water-insoluble (WI) fraction from 38 single
lenses of 20 individuals of different ages were solubilized
by sonication in water and the protein content of water-
insoluble sonicate supernatant (WISS) fraction was deter-
mined. Each WISS fraction was then subjected to enzymatic
digestion and an aliquot of each individual lens digest was
taken to determine the total yellow chromophores at 330 nm
absorbance and the fluorophores at 350/450 nm fluores-
cence in a Cary 1E spectrophotometer and Hitachi F2500
spectrofluorometer, respectively. An average value was
obtained from two lenses for each individual pair and the
data were analyzed and plotted as 20 individuals. Fig. 1
shows the age-dependent increase in total WISS proteins
(panel A), and the absorbance at 330 nm and fluorescence at
350 nm excitation/450 nm emission (panel B) in each
individual. Each value increased exponentially after age
40. The R value of the curves for total WISS protein,
A330 and fluorescence were 0.977, 0.987 and 0.983, respec-
tively. The increases in the chromophores and fluorophores
corresponded to the accumulation of WISS proteins. The
increases were initiated at the age of 30–40 years, accel-
erated with age after that point and were especially elevated
after 60 years. As shown in Fig. 1, in aged lenses which
were older than 60 years, the total WISS proteins, A330 and
fluorescence accumulated to 15–20 mg, 1–2 absorbance
units and 4000–6000 fluorescence units/lens, respectively.
The ratio of A330 and fluorescence/mg protein is a better
index to evaluate the concentration of the chromophores or
fluorophores accumulated in the lens. Table 1 summarizes
the ratios of both A330 and fluorescence per milligram of
WISS proteins. The data were analyzed from five individ-
uals with eight lenses for the group younger than 20 years
and five individuals with 10 lenses each for another three
age groups. As shown in detail in Table 1, the A330/mg
protein was constant until 60 years, but increased 46% after
60 years. The ratio of fluorophores/mg protein showed a
continuous increase. Compared to the young age group
( < 20 years), the ratio increased 20% for the age group of
20–40, 100% for the group of 40–60 and 160% for that
group older than 60 years. These data suggest that the
chromophores were relatively constant, whereas the fluoro-
phores were continuously generated, possibly after the
insolubilization process.
3.2. Bio-Gel P-2 chromatography of the individual lens
WISS digests
The enzymatic digests of one lens WISS protein from the
pair were subjected to a Bio-Gel P-2 size exclusion chro-
matography on a small-scale (1 25 cm) column. Figs. 2
and 3 show the Bio-Gel P-2 elution profiles of absorbance at
330 nm and fluorescence at 350/450 nm of 20 individual
Fig. 5. Bio-Gel P-2 elution profiles of the proteolytic digests of ascorbic
acid modified calf lens proteins. Panels A and B represent 330 nm
absorbance and 350/450 nm fluorescence profiles, respectively. Samples
with the same amount of protein were digested and subjected to Bio-Gel
P-2 columns. An enzyme control was carried out under the same
conditions. Reaction times and the peaks are labeled in each panel.
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lens WISS proteolytic digests. Panels A to D represent the
four different age groups, and five individual lens digests
were presented in each panel. Peaks 1, (2 + 3), 4 and 5, as
labeled in each panel were pooled from the fraction number
16–25, 26–36, 37–45 and 46–60, respectively. It must be
noted that with the lower separation efficiency of this small-
scale P-2 column, peak 2 + 3 here represents the combined
peaks 2 and 3 reported previously for the preparative
separation [20]. Peak 5 exhibited high fluorescence at
350/450 nm, but increased markedly only in the over 60
year age group. As shown in each panel, although there
were slight variations between each individual lens, the total
chromatography showed very good reproducibility. In panel
D of Figs. 2 and 3, five individual lenses of age 62, 62, 64,
65 and 68 years old were analyzed. In this group, the A330
absorbance and 350/450 fluorescence of peaks (2 + 3) and 5
increased exactly with age. The chromophores and fluoro-
phores increased year by year instead of decade by decade,
confirming that the rapid coloration happens in aged human
lens after 60 years of age.
The amino group elution profiles from the Bio-Gel P-2
column showed that the free amino acids eluted between
fraction number 28 and 36 in every age group (peak 2 + 3)
and very little co-eluted with peaks 1, 4 and 5 (data not
shown). As we have described before, peak 1 is likely
composed mainly of incompletely digested peptides or
cross-links, whereas peak (2 + 3) contains largely single
amino acids. Peak 4 is poorly resolved and not consistent,
whereas peak 5 contains the amino acids Phe, Tyr, Trp, as
well as hydrophobic amino acid derivatives. Fig. 4 shows
the amounts of peaks 1, (2 + 3), 4 and 5 of five individuals
in each of four different age groups. Within each age group,
the five lenses showed little variability. Peaks 1 and (2 + 3)
increased at the same rate, peak 4 increased at 40 but not at
60 years, whereas peak 5 increased only after 60 years. The
different developmental patterns shown for each peak argue
that they may be generated through different reactions.
3.3. Bio-Gel P-2 chromatography of ascorbic acid glycated
calf lens proteins
It has been suggested that the browning chromophores,
fluorophores, and protein cross-links present in age-related
cataracts, and particularly in diabetic cataracts, result from
the glycation of lens proteins. In our previous report, we
compared the similarity of the yellow chromophores iso-
lated from human cataracts with those from ascorbic acid-
modified calf lens proteins [20]. Here we show the rate of
formation of chromophores with the time of ascorbylation in
vitro. Fig. 5 shows the Bio-Gel P-2 profiles of digested calf
lens proteins ascorbylated for 1, 3, 7, 18, 21 and 28 days.
The amount of calf lens protein used for the enzymatic
digestion of each sample was equivalent to the WI proteins
in a 60-year-old human lens. An enzyme control without
any calf lens proteins was also separated under the same
conditions. The quantitative results of the A330 and fluo-
Fig. 6. Quantitative results of A330 (panel A) and fluorescence (panel B) for each peak from ascorbylated calf lens proteins isolated by Bio-Gel P-2
chromatography (Fig. 5). The reaction times and the peaks were labeled for each sample.
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rescence are summarized in Fig. 6. The calf lens protein
control showed low but definite A330 and fluorescence in
each fraction. After incubation with ascorbic acid, all the
A330 and fluorescence in the fractions 1, (2 + 3) and 4
increased with the reaction time, however, peak 5 was
unchanged. After glycation with ascorbic acid for 28 days,
A330 of peak 1, (2 + 3) and 4 increased 3.7-, 5.6- and 5.5-
fold, fluorescence at 350/450 nm increased 18-, 16- and 11-
fold, respectively, compared to that of unmodified calf lens
proteins. These data suggest that these peaks all arise by a
common chemistry. While peak 5 in this glycation experi-
ment did increase 1.5-fold in A330 and 1.7-fold in fluores-
cence at day 7, it remained constant after that. The amount
of this peak was unaffected by the extent of glycation, very
different from peaks 1, (2 + 3) and 4. They could, however,
represent a slight oxidation of tryptophan during dialysis
and/or during the enzymatic digestion. The formation of
chromophores and fluorophores also corresponded to the
modification of amino acids, since amino acid analysis
showed a gradually decrease of Lys, Arg and His residues,
and SDS-PAGE showed the appearance of high molecular
cross-links after 18 days of glycation (data not shown). The
peaks from Bio-Gel P-2 chromatography of normal human
lens or ascorbylated calf lens protein digests were individ-
ually pooled, concentrated and subjected to further separa-
tion by HPLC.
3.4. RP-HPLC profiles for peak (2+3) from ascorbylated
calf lens proteins and from normal human lens protein
digests
Fig. 7 shows RP-HPLC chromatographic profiles of the
330 nm absorbance (panel A) and fluorescence at 350/450
nm (panel B) for fraction (2 + 3) from the digest of calf lens
proteins ascorbylated in vitro obtained from the profiles
shown in Fig. 5. Five main 330-nm absorbing peaks, as
labeled in panel A, were detected and all increased in
tandem with glycation time. Panel B shows the fluores-
cence profiles of the same samples. Eight fluorescent peaks
were separated and labeled as 1 to 8 in panel B. Peaks 1 to
5 eluted with the same retention time as the A330 peaks
shown in panel A. Peaks 6 to 8, with strong fluorescence
but little or no A330, eluted later than the five yellow
chromophore peaks. Since the same amount of protein
digest was analyzed, the increase in both chromophores
and fluorophores are likely the result of ascorbic acid
glycation. The HPLC peaks from the 28-day sample were
the same as the peaks obtained previously from peak 2 and
peak 3 from several 4-week ascorbylation preparations
[20].
Fig. 8 shows a set of typical RP-HPLC profiles of both
A330 (panel A) and fluorescence (panel B) of peak (2 + 3)
from individual normal human lenses of different age. Five
lenses in each age group were analyzed and all showed
almost identical profiles. In lenses younger than 20 years,
neither chromophores nor fluorophores were detected. How-
ever, the A330 peaks were observable at 40 years and
increased proportionality with the increasing age. The five
main A330 and eight fluorescent peaks were detected from
normal human lens digests and they all increased with age.
An amplification of the 20–40-year profile showed all the
peaks present in the >60-year profile. Differences include a
fluorescent peak 6, which was high in ascorbylated calf lens
protein but low in normal human lens, and peak 7, which
was high in normal human lens but low in ascorbate
modified samples. Twin fluorescent peaks eluted at 38–39
min in normal human lens digests, but were not detectable
in the ascorbylated samples. Therefore, these twin fluores-
cent peaks may not form from ascorbate modification. A
peak at 6 min in Fig. 7 was not present in the aged human
lens profiles.
3.5. RP-HPLC profiles for peak 5 of normal human lens
digests
Bio-Gel P-2 profiles of normal human lens and ascorbic
acid modified calf lens proteins shown in Figs. 2 and 5
indicated that peak 5 is not likely formed from the glycation
reaction. Amino acid analysis confirmed that Trp, Phe and
Tyr were the main amino acids in this peak (data not
Fig. 7. RP-HPLC profiles of 330 nm absorbance (panel A) and 350/450 nm
fluorescence (panel B) of peak (2 + 3) from ascorbylated calf lens proteins.
The fractions isolated from the Bio-Gel P-2 columns shown in Fig. 5 were
collected and subjected to HPLC. An equal amount of protein from each
sample was analyzed.
R. Cheng et al. / Biochimica et Biophysica Acta 1587 (2002) 65–74 71
shown). Panel A in Fig. 9 shows HPLC profiles of this peak
from individual lenses of different ages monitored at 330
nm absorbance. Three main peaks were detected at 34, 35
and 46 min and they all increased with age. Another group
of peaks being eluted at around 48–50 min were not
completely separated but also increased with age. Tyr, Phe
and Trp eluted at 27, 32 and 38 min, respectively (not
shown). Panel B in Fig. 9 shows the elution profiles for peak
5 from aliquots taken from the in vitro ascorbylation of calf
lens proteins. The principal peaks were identical to those
from human lens, but the levels were low and increased little
with glycation time. As suggested earlier, these chromo-
phores do not appear to arise by glycation.
To gather more information on these peaks, the absorp-
tion spectra were gathered in a diode array detector at the
acid pH of the eluting solvent and the LC-MS of each peak
were collected. Absorption spectra of peaks 1, 2 and 3
showed the maximum absorption wavelength of each peak
were 361, 332 and 314 nm, and LC-MS of these peaks gave
values of 208, 137 and 406, respectively (not shown). Based
on these spectra, molecular masses and the co-elution with
known compounds, peaks 1 and 2 were identified as
kynurenine and anthranilic acid, respectively. Peak 3 is still
under investigation.
4. Discussion
Aging in human lens is characterized by the accumula-
tion of protein-bound yellow chromophores and fluoro-
phores, associated with the WI fraction. The data in Fig. 1
confirm these observations. With aging, a quantitative in-
crease of water-insoluble protein fraction in normal human
lens was observed, which corresponded to accumulations of
the total yellow chromophores and fluorophores. These
Fig. 8. RP-HPLC profiles of 330 nm absorbance (panel A) and 350/450 nm
fluorescence (panel B) of peak (2 + 3) from normal human lens WISS
fractions of different ages. The fractions isolated from Bio-Gel P-2 column
in Fig. 2 were collected and subjected to HPLC. Aliquots containing 20%
of peak (2 + 3) from each lens were analyzed and compared in each panel.
The age and peaks are labeled.
Fig. 9. RP-HPLC profiles of 330 nm absorbance of peak 5 from normal
human lens WISS fractions of different ages (panel A) and ascorbylated calf
lens proteins (panel B). The fractions isolated from Bio-Gel P-2 column in
Figs. 2 and 5 were collected and subjected to HPLC. Aliquots containing
3% of peak 5 from each lens were analyzed and compared in each panel.
The ages and peaks are labeled in each panel.
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changes happen dramatically after 40 years of age. Further-
more, the ratio of 350/450 nm fluorescence/mg WISS
protein also increased gradually from 103 to 270 fluores-
cence units with age, while A330/mg WISS protein increased
significantly only after 60 years old. These results suggest
that with aging, lens water-soluble proteins are modified to
produce yellow chromophores and fluorophores, and these
modifications result in aggregation to form the water-
insoluble fraction in the lens. Following this aggregation
process, the increases in fluorescence/milligram protein
possibly arise by the further formation of glycation cross-
links.
For the isolation of the WI fraction in our experiments,
the human lenses were homogenized in distilled water, then
separated to water-soluble and water-insoluble fractions by
centrifugation at 27,000 g for 20 min. We chose water as
a solvent because water itself does not contain any salt to
affect protein solubility. Twenty years ago, Harding [25]
summarized the data on the proportion of the total protein of
clear human lenses isolated in the insoluble fraction by
different authors. It indicated that the division of proteins
between the water-insoluble and water-soluble fractions
depends not only on the species, the age of the animal
and whether or not the lens is a cataract, but also on the
method of preparation. The amounts of WI proteins isolated
from apparently clear human lenses by different authors
varied widely. Our data (Fig. 1) showed very good R value
for each index, indicating that our procedure using several
water washes was acceptable and reliable.
Prior results from our laboratory support a major role for
ascorbic acid oxidation products in AGE formation in vivo.
It must be pointed out that ascorbic acid is the primary
water-soluble antioxidant in the lens. Ascorbic acid itself
cannot glycated proteins, but rather it is the relative rates of
ascorbic acid oxidation and dehydro-ascorbic acid reduc-
tion, which ultimately control AGE formation from ascorbic
acid. Lens proteins incubated with ascorbic acid for 4 weeks
exhibited the same absorption and fluorescence spectra as
the proteins present in a human lens WI fraction [20,26].
Ascorbylation also caused the formation of protein-bound
sensitizers, which generate the same levels of reactive oxy-
gen species (ROS) in response to UVA light as aged human
lens water-insoluble proteins [27,28]. We present here new
data to show an age-dependent increase of individual yellow
chromophores and fluorophores, and an almost identical
chromatographic pattern of these yellow chromophores and
fluorophores in individual normal human lenses with age
and also during the time course of glycation carried out in
vitro with ascorbic acid.
Since AGEs are widely thought to be acid labile, and
because acid hydrolysis produces a myriad of yellow
fluorescent Trp degradation products, an improvement of
the enzymatic hydrolysis method of Luthra et al. [24] was
used in this experiment to release the modified amino acids
from the lens proteins. Previous attempts [29,30] to digest
cataract lens proteins produced only peptides, however the
present procedure resulted in approximately 90% release of
free amino acids for both human lens and ascorbylated
proteins after correction for the contribution of the enzymes
and the conversion of Asn and Gln to Asp and Glu. It is this
successful digestion that allowed us to fractionate the yellow
chromophores and fluorophores in both in vivo and in vitro
modified proteins.
As shown in (Figs. 2, 3 and 5), the Bio-Gel P-2 profiles
of protein digests, show that both 330 nm absorbance and
350/450 nm fluorescence were the same for normal human
lenses and ascorbate glycated calf lens proteins except for
peak 5. Peaks 1, (2 + 3) and 4 increased with the age as well
as during ascorbate glycation in vitro, while peak 5 was only
detected in aged human lenses with very little in young
human lenses or in ascorbylated calf lens protein. The
profiles of five individual lenses in each age group showed
surprising reproducibility. Especially, in the aged group over
60 years of age, as shown in panel D of Figs. 2 and 3, the
main peaks (2 + 3) and 5 increased exactly with age in the
62–68-year-old lenses.
Peak (2 + 3) from both ascorbylated calf lens protein and
normal human lenses was further analyzed by RP-HPLC as
shown in Figs. 7 and 8. As labeled in each panel, five A330
peaks and eight fluorescent peaks both in vivo and vitro
system increased with age or glycation time and the peaks
exhibited the same retention times. Although we are still
purifying and identifying these peaks from both systems, the
identical HPLC profiles provide more evidence that the
yellow chromophores and fluorophores accumulated in
human lens with the age are related to the chemical
ascorbylation of lens proteins.
Significant levels of peak 5 were detected only in aged
human lenses, and therefore were not apparently generated
by ascorbic acid glycation. The 330 nm absorbance RP-
HPLC profiles of this peak from different age lenses were
shown in Fig. 9(A). Three main single peaks labeled as 1, 2
and 3 were detected, and they all increased with age. Only
peak 2 exhibited fluorescence with the kmax being 350 nm
for excitation and 450 nm for emission. Comparison of the
retention time, absorption and fluorescence spectra and LC-
MS to the known compounds, peaks 1 and 2 have been
identified as kynurenine (Kyn) and anthranilic acid, while
peak 3 is still under investigation. Peaks 1 and 2 may have
been derived from protein-bound UV filter compounds that
were released during the enzymatic digestion process.
Truscott et al. [31–33] tested the stability of these UV
filter-amino acid adducts and showed that Kyn–Cys was
degraded 50% after 18 h when incubated in pH 7.2
phosphate buffer at 37 jC and even more rapidly in high
pH solutions. It is possible that kynurenine and anthranilic
acid were released from their covalent adducts when the
proteins were digested by leucine aminopeptidase at pH 8.5
at 37 jC for 24 h during our digestion process. Alterna-
tively, kynurenine could be released, and kynurenine could
be converted to anthranilic acid during the digestion proc-
ess. We also detected these three peaks from the digests of
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ascorbylated calf lens protein as shown in Fig. 9(B), but this
was a small quantity and did not increase with the time of
glycation. Anthranilic acid was previously identified in
proteolytic digests of cataractous lens proteins [30,34,35].
Also recently, Hood et al. [32] reported that the human lens
coloration and aging relate to crystallines modification by
the ultraviolet filter, 3-hydroxy-kynurenine o-h-D-glucoside.
The age-dependent increase of peak 5 in human lens was
quantitatively comparable with the reported increase in
bound UV filter compounds.
Based on the data presented above, it might be concluded
that the yellow chromophores and fluorophores in normal
human lens water-insoluble fractions mirror the chromo-
phores and fluorophores which develop during ascorbate
glycation. Further, additional evidence, such as absorption
spectrum and mass spectrum of each chromophore, will be
needed to confirm the origin of these compounds. We are
currently proceeding with the further purification and iden-
tification of these chromophores. This is the first report
showing that these glycation chromophores do not change
in complexity with aging in human lens. This is also the first
report of the development of chromophores and fluoro-
phores during ascorbic acid glycation in vitro.
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